Abstract The mitotic spindle faithfully separates the genetic material, and has been reverently observed for well over a century. Across eukaryotes, while the mechanisms for moving chromosomes seem quite conserved, mechanisms for assembling the spindle often seem distinct. Two major pathways for spindle assembly are known, one based on centrosomes and the other based on chromatin, and these pathways are usually considered to be fundamentally different. We review observations of spindle assembly in animals, fungi, and plants, and argue that microtubule assembly at a particular location, centrosomes, or chromatin, reflects contingent, cell-type specific factors, rather than reflecting a fundamental distinction in the process of spindle building. We hypothesize that the essential process for spindle assembly is the motor-driven organization of microtubules that accumulate in the form of dense bundles at or near the chromosomes.
Introduction
To segregate duplicated chromosomes during mitosis, cells assemble a microtubule-based structure called the mitotic spindle. Mitotic spindles of diverse cells share several fundamental features. First, all spindles are bipolar, although the structure present at the poles varies considerably among organisms. Second, all spindles generate forces to segregate the duplicated genetic material. Here, again, the details differ, but the end result is the same: sister chromatids are moved far enough apart for functional separation. Interactions between microtubules and chromosomes, which are required for chromosome motion, typically (but not always) occur at a specific site on each chromosome, the kinetochore. Despite great variation in the number of microtubules involved in the attachment, new results suggest that a common "attachment module" is all but universally present (Johnston et al. 2010) . Also evidently conserved ubiquitously, the spindle assembles de novo as the cell enters mitosis. Here, we focus on spindle formation, and compare this process across three kingdoms. Although at first sight, the processes in each taxon appear to be distinct, we argue that spindle assembly is governed by conserved principles.
Centrosome-based spindle assembly: search and capture
In most animal cells, centrosomes play a dominant role in microtubule nucleation and organization (Fig. 1) . The centrosome, comprising a pair of centrioles and associated pericentriolar material, duplicates prior to entry into mitosis. At the entry into mitosis, the microtubule nucleating capacity of each of the duplicated centrosomes increases, resulting in an extensive radial array of microtubules extending from each centrosome (Piehl et al. 2004) . Centrosomal microtubules are highly dynamic, alternating stochastically between periods of growth and rapid shortening, a behavior called dynamic instability (Mitchison and Kirschner 1984) . Because centrosomes are typically located adjacent to the nucleus, the microtubules they nucleate are ideally positioned to interact with kinetochores on duplicated chromosomes following nuclear envelope breakdown.
Based on these features of centrosomal microtubules, Kirschner and Mitchison (1986) proposed that spindle formation results from the capture of dynamic astral microtubules by each kinetochore, a model aptly called "Search and Capture" (Kirschner and Mitchison 1986) . Microtubules that interact with kinetochores were proposed to become stabilized relative to free, unattached microtubules; over time, capture of additional microtubules would result in the formation of a bundle of stabilized microtubules, the kinetochore fiber. The dynamic instability behavior of microtubules extending from each centrosome and the back-toback geometry of kinetochores on sister chromatids would favor the biorientation of chromosomes and their congression to the metaphase plate, midway between the centrosomes. According to the original search and capture model, all spindle microtubules were derived from centrosomes.
Observations of mitotic cells confirmed that a search and capture mechanism functions in living cells. For example, by imaging spindle formation using differential interference contrast microscopy of highly flattened, newt lung epithelial cells containing unattached chromosomes, Hayden and coworkers (1990) and Rieder and Alexander (1990) showed that individual centrosomal microtubules interact with the kinetochore, resulting in movement of the chromosome toward the pole from which the centrosomal microtubule arose. In addition, kinetochore fiber microtubules were shown to display greater stability than nonkinetochore spindle microtubules, consistent with the search, and capture model (Rieder 1991) . The stochastic nature of the search and capture process is also consistent with the observed variability in the duration of mitosis.
Despite the elegance of search and capture, modeling studies demonstrated that dynamic centrosomal microtubules alone are not sufficient to achieve spindle formation within the time frame observed in live cells (Wollman et al. 2005) . Using reasonable estimates of the number of centrosomal microtubules and measurements of microtubule dynamic instability parameters for mammalian mitotic cells (Rusan et al. 2001) , the modeling has shown that search and capture would require many hours to capture all of the kinetochores, a time frame far greater than the typical duration of spindle formation. This result indicated that, even in centrosome-containing cells, additional mechanisms contribute to spindle assembly.
Chromatin-mediated spindle formation
An even more serious limitation of the search and capture model is the fact that many cells lack centrosomes, yet assemble mitotic spindles; clearly, these cells must use an alternative mechanism for spindle formation. A major breakthrough in our understanding of acentrosomal spindle formation was the discovery that cell-free extracts prepared Cells in a and b were imaged using spinning disc confocal microscopy. c Budding yeast cells expressing mCherry-tubulin were imaged using conventional wide-field fluorescence microscopy; note nuclear and astral microtubules are separated by the nuclear envelope. Bars=10 μm from xenopus oocytes support spindle formation in vitro. Using this extract system, Heald and coworkers (1996) showed that in extracts lacking centrosomes and kinetochores, microtubules formed around DNA-coated beads and were polarity-sorted into a bipolar spindle. Based on these results, the authors proposed an alternative route for spindle formation based on acentrosomal microtubule formation around chromatin; we will refer to the pathway active in frog egg extracts as "chromatin-mediated" spindle assembly.
Subsequent experiments using the extract system showed that the small GTPase, Ran, which regulates nuclear transport by binding to import receptors (i.e., importin β), is a key regulator of the chromatin-dependent pathway (Carazo-Salas et al. 1999; Kalab et al. 1999; Ohba et al. 1999; Wilde and Zheng 1999; Zhang et al. 1999) . By manipulating the level of active Ran in Xenopus extracts, several groups showed that active, GTP-bound Ran was both necessary and sufficient to drive microtubule formation. Because the sole exchange factor for Ran, RCC1, is bound to chromatin, these observations suggest that Ran acts near chromatin to liberate cargo bound to importin β. Farther away from chromosomes, Ran GAP, which is cytoplasmic, would convert Ran to the GDP-bound, inactive form (Kalab and Heald 2008) . Consistent with this hypothesis, several microtubule-associated proteins, including TPX2 and NuMA, were subsequently identified that are inactive in promoting microtubule assembly when bound to importin β, and are activated in the presence of GTP-bound Ran. Moreover, imaging cells expressing fluorescent biosensors for active Ran, showed that it was present in a gradient around chromosomes in Xenopus extracts and live mammalian cells in mitosis (Kalab et al. 2002 (Kalab et al. , 2006 . These results support a model in which Ran regulates spindle microtubule formation by localized activation of spindle assembly factors and molecular motor proteins (Kalab and Heald 2008) .
Chromosome-mediated microtubule formation in centrosome containing cells
The identification of a chromatin-mediated spindle assembly pathway, and the established limitations of search and capture, prompted an examination of the possibility that such a pathway exists and functions in centrosomecontaining cells. A complication arises because, in vivo, chromatin occurs in the form of chromosomes, which also contain kinetochores; in experiments designed to find the sites of microtubule formation during initial spindle assembly, it can be difficult to tell whether microtubules arise at the kinetochore or elsewhere on the chromosome (i.e., from chromatin). Because either kinetochores or chromatin could contribute, when discussing cells we will therefore refer to the "chromosome-mediated" pathway.
In support of a chromosome-mediated pathway existing in somatic cells, spindle assembly occurs in Drosophila cells containing mutations that disrupt centrosome function and the formation of mitotic asters (Bonaccorsi et al. 1998; Megraw et al. 2001) . Direct evidence for the redundancy of centrosomes in cells that normally contain them was obtained in experiments where centrosomes were removed, either by microsurgery or by laser ablation, and functional bipolar spindles formed (Hinchcliffe et al. 2001; Khodjakov et al. 2000) . Interestingly, the major defect observed in these cells was a decrease in the fidelity of cytokinesis, likely a result of the severe reduction in astral microtubules that is observed following elimination of centrosomes.
Although these observations demonstrated that a chromosome-based spindle assembly pathway is present in centrosome-containing cells, it was not known if the elimination of centrosomes, or their inactivation by mutation, activated a "dormant" chromosome-based mechanism, or if the chromosome pathway normally functioned in parallel with centrosome-based spindle formation (O'Connell and Khodjakov 2007; Rieder 2005; Wadsworth and Khodjakov 2004) . This question has proved difficult to resolve because centrosomes, when present, typically nucleate hundreds of microtubules, obscuring microtubule formation near chromosomes, if present.
To address this issue, Tulu et al. (2006) treated LLC-Pk1 cells with nocodazole to eliminate microtubules, and then examined microtubule formation following washout. In these cells, centrosomes frequently wander away from the chromosomes, making it feasible to observe microtubule formation at chromosomes and centrosomes separately. Microtubules formed at centrosomes, as expected, but also around chromosomes and kinetochores. Likewise, microtubules form at distal kinetochores of mono-oriented chromosomes on monopolar spindles (induced by monastrol treatment) (Khodjakov et al. 2003) and at kinetochores in flattened Drosophila S2 cells (Maiato et al. 2004 ). In the latter case, the microtubules that formed at kinetochores subsequently interacted with centrosomal microtubules and were incorporated into the spindle in a dynein-dependent manner (Maiato et al. 2005) . Arguably, chromosomedependent microtubule assembly involves microtubule formation at both chromatin and kinetochores.
Microtubule assembly at kinetochores, which can be conveniently assayed using the nocodazole washout assay (Tulu et al. 2006) , requires Ran-regulated microtubule assembly factors, and γ-tubulin (Luders et al. 2006; Torosantucci et al. 2008) . In fact, γ-tubulin-containing complexes are recruited to kinetochores by Nup170-160, a subcomplex of the nuclear pore complex (Mishra et al. 2010) . Also contributing to microtubule formation at kinetochores is aurora B kinase, a component of the chromosome passenger complex (Maresca et al. 2009 ). Additional experiments are required to resolve the contributions to chromosome-mediated spindle assembly of microtubule formation at chromatin and kinetochores as well as their regulation.
In mammalian cells, the extent of microtubule formation at centrosomes and chromosomes are apparently interdependent and limited by the availability of tubulin subunits (Tulu et al. 2006 ). This interdependency was observed in nocodazole washout experiments using cells depleted of TPX2, where centrosomal microtubule formation was enhanced when chromosome-mediated microtubule formation was eliminated. The idea that the tubulin pool limits microtubule assembly might also explain why microtubule formation at kinetochores is so clearly observed in Drosophila S2 cells, and is not as apparent in mammalian cells: S2 cells have few very centrosomal microtubules, so more tubulin would be available for assembly at kinetochores.
These results have established that a chromosome-based pathway functions, even in the continued presence of active centrosomes, and that kinetochores are preferred sites for microtubule assembly, at least in Drosophila and mammalian cells (O'Connell et al. 2009 ), and finally that centrosomal microtubules alone cannot establish kinetochore fibers (Yang et al. 2007) . Given that in a mature spindle, microtubule plus-ends are located at kinetochores (Euteneuer and McIntosh 1981) , wherever microtubules originate, plus-ends must be captured eventually by the kinetochore plate.
When kinetochores stay inside the nucleus-the case of yeast Do kinetochore-derived microtubules facilitate spindle formation in centrosome containing cells? The answer is a resounding "yes" based on recent studies in budding yeast, which provide evidence that kinetochore-derived microtubules are likely to assist centrosome-derived microtubules to efficiently "locate" kinetochores for initial interaction. Unlike mammalian cells, yeast cells do not break down their nuclear envelope during mitosis (the so-called "closed mitosis"). Inside the nucleus, the kinetochores are connected to spindle pole bodies (equivalent to the centrosomes of mammalian cells) by microtubules throughout almost the entire cell cycle (Winey and O'Toole 2001) . However, during S phase in yeast (which overlaps with mitosis), the kinetochores are disassembled upon centromere DNA replication, causing centromeres to detach from microtubules and translate away from the spindle poles (Kitamura et al. 2007 ). The kinetochores are reassembled after 1 to 3 min, and they subsequently, as in mammalian cells, capture the lateral sides of spindle pole microtubules for reattachment (Tanaka et al. 2005) .
Although this seems like a cut-and-dried case of search and capture, elegant experiments delaying the kinetochorereassembly process have demonstrated that microtubules are generated at the kinetochores before they are captured by spindle pole microtubules (Kitamura et al. 2010 ). These kinetochore-derived microtubules require Stu2 (an orthologue of XMAP215/ch-TOG) for nucleation, and they extend with their plus ends distal to the kinetochores, which is in contrast to the polarity described for Drosophila S2 cells (Maiato et al. 2004 ). Nascent microtubules extending from the reassembled kinetochores often initiate interaction with the spindle pole microtubules (roughly 20 emanate from each spindle pole; Winey et al. 1995) along their length, either in an antiparallel or parallel manner. This interaction leads to loading of the kinetochores onto the lateral surface of spindle pole microtubules. However, once kinetochores are "loaded" onto spindle microtubules, the kinetochore-derived microtubules rapidly disappear and do not contribute to the metaphase spindle, a result that fits the established understanding of the polarity of microtubules that form the metaphase spindle.
Given that kinetochores associated with microtubules load faster than kinetochores without associated microtubules, it is believed that kinetochore-derived microtubules assist the spindle pole microtubules to efficiently "locate" the kinetochore. In yeast, since a Ran-GTP gradient is not formed during mitosis as its concentration is uniformly high in the nucleus, the kinetochore-based microtubule pathway might represent the dominant mechanism to mediate initial kinetochore capture by spindle microtubules. Taken together, the observations in yeast and other cellular systems show that the chromosome-mediated microtubule pathway is likely to operate in centrosome-containing cells, although the degree to which centrosomal microtubules, kinetochore, and chromatinbased nucleation contribute to kinetochore fiber formation remains unresolved, in particular for mammalian cells.
Peripheral microtubules aid spindle formation
Although not always appreciated, mammalian epithelial cells have an extensive interphase array of microtubules that are not associated with the centrosome. These microtubules also reorganize as cells enter mitosis. By direct observation of early prometaphase cells, Rusan et al. (2001) observed that both individual microtubules and clusters of microtubules are moved inward toward the forming spindle along extending centrosomal microtubules. The inward transport is dynein-dependent. Photoactivation experiments reveal that these microtubules are incorporated into the forming spindle (Tulu et al. 2003) . These experiments show that dynamic centrosomal microtubules search for and capture not only kinetochores but also peripheral microtubules, and that peripheral microtubules contribute to spindle formation in centrosome-containing cells.
In addition to the inward motion of peripheral microtubules in early prometaphase cells, small clusters of microtubules are occasionally observed in the peripheral cytoplasm of late prometaphase or metaphase cells (Rusan et al. 2001) . The presence of nonspindle microtubules in a mitotic cell presents a potential problem-if chromosomes became associated with these microtubules, then equal chromosome distribution could be compromised. However, almost every time that ectopic microtubules have been detected, they were rapidly moved inward along astral microtubules. The impression from viewing these events is that astral microtubules are continually monitoring the peripheral cytoplasm. If and when other microtubules are encountered, they are rapidly drawn inwards, preventing ectopic chromosome attachment.
A similar clustering and inward motion of noncentrosomal, peripheral microtubules has been observed during meiotic spindle formation in mammalian oocytes (Schuh and Ellenberg 2007) . In these large, acentrosomal cells, the interphase microtubules are rapidly reorganized into microtubule organizing centers that continuously interact with each other, then coalesce, resulting in fewer, larger foci that accumulate adjacent to the nuclear envelope. These organizing centers then form a "ball" of microtubules around the chromosomes and eventually sort into a bipolar structure (Schuh and Ellenberg 2008) . Together with the observations on somatic mammalian cells, these observations indicate that microtubule motion directed toward the forming spindle is a conserved feature. It may be especially prominent in larger cells that contain extensive interphase microtubule arrays.
Nuclear-envelope mediated spindle formation
Notorious for their lack of centrosomes, mitotic spindles in land plants are frequently lumped together with those of animal oocytes as being "acentrosomal." Nevertheless, the chromatin-mediated pathway cannot be primary in plants because the spindle assembles during prophase, before nuclear envelope breakdown, thereby precluding chromosome-mediated nucleation (Baskin and Cande 1990) . Although plant cells lack defined centrosomes, their nuclear envelope nevertheless nucleates microtubules, and during interphase an array emanates from the nucleus, radiating into the cell (Brown and Lemmon 2007) . Similar to centrosomes, nucleation activity of the plant nuclear envelope depends on γ-tubulin complexes, which are scattered over the envelope, rather as if the entire nucleus were a centrosome (Erhardt et al. 2002) . In prophase, the orientation of microtubules changes from radial to tangential, and eventually two foci emerge on opposite sides of the intact nucleus (Fig. 1) . These foci are the presumptive spindle poles, although after the envelope breaks down, the foci usually fragment into a set of smaller ones that collectively constitute the spindle pole. This suggests that plants use a third mechanism for spindle assembly, namely, a nuclear-envelope mediated pathway.
Little is known about prophase spindle assembly in plants (Ambrose and Cyr 2007; Murata et al. 2005; Bannigan et al. 2008 ). Interestingly, plants have an unmistakable TPX2 ortholog that has been implicated in spindle assembly (Vos et al. 2008) . Unusually, plant TPX2 contains a signal for nuclear export and, in both Arabidopsis thaliana and Nicotiana tobacum, the protein appears to be exported specifically during late prophase. Furthermore, anti-TPX2 IgG, microinjected into Tradescantia virginiana stamen hair cells in prophase, prevents or delays nuclear envelope breakdown. Plant TPX2 has been hypothesized to act at the outside of the nuclear envelope to promote local microtubule assembly, although the disposition of the cognate GEF and GAP remain to be defined. In general, the Ran-mediated pathway for nuclear import and export appears to operate in plant cells (Meier 2007; Meier and Brkljacic 2009) , although far fewer of the interactions have been mapped.
After the nuclear envelope breaks down, both search and capture from a de facto spindle pole as well as a chromosome-mediated pathway presumably both contribute to spindle maturation, but little is known about either. Plant kinetochores nucleate microtubules actively when metaphase cells are released from microtubule inhibition (Baskin and Cande 1990) . Furthermore, living A. thaliana tissue culture cells (Chan et al. 2005 ) and tobacco BY-2 cells (Ambrose and Cyr 2008) expressing GFP-tubulin occasionally fail to form a prophase spindle but nevertheless form a functional mitotic spindle in prometaphase. While the latter studies establish that there is no requirement for a bipolar microtubule array to form during prophase, they leave open the existence, let alone the importance, of chromosomemediated nucleation for spindle assembly in plant cells. This is because in these observations, abundant microtubules already surrounded the nucleus before the envelope broke down and, after that, only sorting out and kinetochore capture might be required to form a bipolar spindle. Furthermore, if plant TPX2 has been co-opted to drive assembly on the nuclear envelope, then this protein might be unavailable for chromosome-mediated assembly.
Evidently, more work is needed to clarify the steps of spindle formation in land plants. Nevertheless, the data available support the view that there is more than one alternative to centrosomes.
Hearing the theme among the variations
In cells that contain them, centrosomes and the microtubules they nucleate are a visually dominant element of spindle formation (Fig. 1) . Nevertheless, the centrosomal array is dispensable for spindle formation. When present, centrosomal microtubules will participate in spindle formation, through interactions with kinetochores and with any kinetochore-or chromosome-derived microtubule bundles. Centrosomal microtubules also mediate inward motion of peripheral microtubules and set up a spindle midzone in which antiparallel microtubules from the opposite centrosome interact, an interaction that contributes to the establishment of spindle bipolarity and length. However, even this classic function of the centrosomal array can be replaced by microtubules generated from chromosomes (Ferenz et al. 2009) .
Perhaps the essential function of centrosomal microtubules is in spindle positioning and cytokinesis. Land plant cells, which are naturally acentrosomal, have evolved a system completely separate from the mitotic spindle for orienting cell division (Smith 2001) . In animal cells from which centrosomes have been removed, spindle position and cytokinesis, in contrast to chromosome segregation, are frequently defective (Hinchcliffe et al. 2001; Khodjakov et al. 2000) . Furthermore, in a range of cell types, dynamic astral microtubules mediate asymmetric spindle positioning through interactions with the cell cortex (Siller and Doe 2009) . Both central spindle and astral microtubules generate signals for the assembly of the contractile ring (Bringmann and Hyman 2005) . Astral microtubules might be especially important to confine the equatorial signal in large cells (von Dassow 2009). These observations are consistent with the idea that centrosomal microtubules function as a transport system that integrates spindle components into a unified cellular structure (Wadsworth and Khodjakov 2004) . While microtubules generated around chromosomes participate in chromosome movement and can fully replace the function of centrosomal microtubules if the need arises, the microtubules assembled around chromosomes seldom, if ever, reproduce astral functions.
Dynamic centrosomal microtubules extend individually into the cytoplasm and the most important functions of these microtubules may relate to this organization. In contrast, microtubules that assemble near chromosomes or nuclear envelope form dense arrays and bundles. When in close proximity, microtubules can be cross-linked by spindle assembly factors and microtubule-based motor proteins that contain two microtubule-binding sites, and then dynamically cross-linked microtubules can be polarity sorted and focused into poles. In diverse cells, microtubule density is regulated by γ-tubulin-dependent microtubule formation along preexisting microtubules (Janson et al. 2005; Murata et al. 2005) , a process that requires the augmin complex (Goshima et al. 2008) . Without the ability to form dense bundles, which happens when mammalian cells lose the function of the augmin complex, or the microtubule severing protein, katanin, they either fail to generate bipolar spindles (Srayko et al. 2006) , or the bipolar spindles that do form are nonfunctional (Uehara et al. 2009 ).
Based on these observations, we speculate that the sine qua non for spindle formation is the assembly of a dense array of short microtubules centered around chromosomes (Fig. 2) . As a corollary, the source of these microtubules-nuclear envelope, acentrosomal organizing centers, chromatin, or kinetochores-is of secondary importance. In most cases, formation of these arrays requires Ran, and the exceptionsspindle assembly during meiosis I of vertebrate oocytes and spindle assembly within the confines of small yeast nucleilikely involve other nuclear factors and microtubule nucleators or stabilizers (Dumont et al. 2007) . Consistent with our proposal, during meiosis in Caenorhabditis elegans, lateral microtubule bundles that do not make direct contact with kinetochores, mediate spindle formation and chromosome congression (Wignall and Villeneuve 2009 ). What appears to be essential is that given a collection of dense microtubule bundles, a bipolar structure invariably emerges. Perhaps dense bundles provide a suitable substrate for the push and pull of the sorting engines? If so, spindle assembly can then be separated into two major processes: microtubule coales- Fig. 2 Schematic depiction of the contribution of astral and chromosome-associated microtubules to spindle formation. Only one centrosome of a spindle is shown for clarity. Astral microtubules (gray) mediate interactions with the cell cortex for spindle positioning (a) and cytokinesis (b); interact with kinetochores (c); with peripheral microtubules (d) and with microtubules from the opposite centrosome (e). Chromosome-associated microtubules (red) form dense arrays; molecular motors (orange) and microtubule-associated proteins (green) mediate the motion and bundling of these microtubules. Arrowheads depict microtubule plus-ends cence and sorting. Each process is driven by more than one mechanism to ensure the faithful delivery of genetic inheritance from mother to daughter cells.
